The stationary-phase sigma factor (RpoS) regulates many cellular responses to environmental stress conditions such as heat, acid, and alkali shocks. On the other hand, mutations at the rpoS locus have frequently been detected among pathogenic as well as commensal strains of Escherichia coli. The objective of this study was to perform a functional analysis of the RpoS-mediated stress responses of enterohemorrhagic E. coli strains from food-borne outbreaks. E. coli strains belonging to serotypes O157:H7, O111:H11, and O26:H11 exhibited polymorphisms for two phenotypes widely used to monitor rpoS mutations, heat tolerance and glycogen synthesis, as well as for two others, alkali tolerance and adherence to Caco-2 cells. However, these strains synthesized the oxidative acid resistance system through an rpoS-dependent pathway. During the transition from mildly acidic growth conditions (pH 5.5) to alkaline stress (pH 10.2), cell survival was dependent on rpoS functionality. Some strains were able to overcome negative regulation by RpoS and induced higher ␤-galactosidase activity without compromising their acid resistance. There were no major differences in the DNA sequences in the rpoS coding regions among the tested strains. The heterogeneity of rpoS-dependent phenotypes observed for stress-related phenotypes was also evident in the Caco-2 cell adherence assay. Wild-type O157:H7 strains with native rpoS were less adherent than rpoS-complemented counterpart strains, suggesting that rpoS functionality is needed. These results show that some pathogenic E. coli strains can maintain their acid tolerance capability while compromising other RpoS-dependent stress responses. Such adaptation processes may have significant impact on a pathogen's survival in food processing environments, as well in the host's stomach and intestine.
Several recent studies have analyzed the occurrence of rpoS mutants under laboratory chemostatic growth conditions as well as from environmental and clinical isolates of enteric pathogens (27, 28, 38, 56) . Under certain circumstances, variation at the rpoS locus has been thought to confer a selective advantage to cells within a bacterial population experiencing nutrient deprivation (17, 28, 57) . Several of these studies utilized assays such as temperature tolerance, resistance to hydrogen peroxide, and/or synthesis of glycogen to measure the frequency of rpoS mutation (29, 38, 51) . Mutations at the rpoS locus were frequently observed under chemostatic growth when E. coli K-12 cells were fed a suboptimal concentration of glucose (38) . On the other hand, certain external stress conditions, such as mildly acidic conditions, significantly attenuated the frequency of rpoS mutations (14, 27) . In spite of the diverse virulence characteristics of pathogenic E. coli, one common trait that is very evident is the ability of these strains to withstand gastric acidity (18, 30, 36, 53) . In fact, acid tolerance plays a vital role in the survival and virulence of diarrheagenic E. coli strains (9, 42, 46) . In S. flexneri and diarrheagenic E. coli strains, the induction of two of three acid resistance pathways under aerobic growth conditions is positively regulated by RpoS (3, 30, 47) . The first acid resistance system (AR1) is referred to as the glucose-repressible oxidative pathway, and it protects cells from acidic stress above pH 3.0 (30, 31, 46) . The structural components of this acid resistance system (other than RpoS), as well as the mechanisms by which it protects the cells, are still unknown (2, 9) . The second acid resistance system (AR2) is glutamate-dependent acid resistance (GDAR), and it can protect cells from acidic stress below pH 3 (22, 46) . In spite of the central regulatory role of RpoS, clinical and food-borne isolates of pathogenic E. coli with rpoS mutations have been reported (5, 53) , suggesting that the pathogen may rely on rpoS-independent induction of acid resistance systems.
Intrigued by the frequent occurrence of mutations in rpoS and by the fact that the general stress response is controlled by this sigma factor, we undertook analyses of rpoS alleles from outbreak and clinical isolates of pathogenic E. coli strains. E. coli strains were subjected to an array of stress tests in which survival is primarily considered to be RpoS dependent (10, 39, 43) . We observed several strains (26 out of 53) with phenotypic characteristics that were atypical of a functional RpoS allele (i.e., heat sensitivity and/or lack of glycogen synthesis), even though they had a functional rpoS according to their acid resistance phenotype (5) . Temperature tolerance and ability to synthesize glycogen have been used previously to monitor the frequency of rpoS mutations (27, 38) . Isolates of Shiga toxinproducing E. coli of serotypes O157:H7 (two strains), O111: H11 (one strain), and O26:H11 (one strain) with a wide spectrum of glycogen synthesis patterns were chosen for in-depth phenotypic analysis. The objective of the experiments described here was to evaluate rpoS heterogeneity and its effect on stress responses among pathogenic E. coli strains.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The strains of E. coli used were strains 52 (ATCC 43895, Na r Rf r ) (11), 258 and 251 (serotype O157:H7), 229 (serotype O111:H11), and 205 (serotype O26:H11), all of which have been described previously (5) . Strain 55 is an rpoS::Ap mutant of strain 52 (8) , and pPS4.4 carries a wild-type rpoS gene on a pACYC184-based low-copy-number plasmid (53) . The culture purity of the pathogenic E. coli isolates was ascertained by examining the catalase activity of at least 96 colonies for each strain (38) . Frozen stocks maintained at Ϫ75°C were streaked onto Luria-Bertani (LB) agar, and, after overnight growth at 37°C, a single colony was inoculated into one of the following media: (i) minimal E medium (52) containing 0.4% glucose at pH 7.0 (EG minimal medium) (31), (ii) LB growth medium or (iii) LB buffered with 100 mM MES (morpholineethanesulfonic acid) (pH 5.5), or (iv) LB buffered with 100 mM MOPS (morpholinepropanesulfonic acid) (pH 8.0). Most diarrheagenic E. coli strains are auxotrophs and require amino acids or vitamins for growth in minimal media (1, 35) . The precise requirement for vitamins and amino acids for individual strains was not determined; instead, EG minimal medium was supplemented with 50 g of yeast extract per ml. Strain 52 is auxotrophic for thiamine, nicotinamide, and riboflavin (1) . When grown in EG medium supplemented with vitamins or EG medium supplemented with yeast extract, the strain had identical GDAR phenotypes (4) . To obtain stationaryphase cultures, cells were grown in the media on an orbital shaker (220 rpm, 37°C) for 20 to 22 h to an optical density at 600 nm (OD 600 ) of 3.5 or higher.
The strains carrying plasmids (pPS4.4 or pACYC184) were grown in the media described above supplemented with chloramphenicol (35 g ml Ϫ1 ). Acid, alkali, and heat shock assays. To examine the phenotypic expression of the RpoS-mediated acid resistance system (AR1), stationary-phase cells were diluted directly from the growth media (1:200) into EG medium, pH 3.0, and challenged at 37°C for 2 h. For the GDAR system, the cells were diluted directly from the growth media (1:200) into EG medium, pH 2.0, supplemented with 1.5 mM glutamate and challenged at 37°C for 1 h. EG medium was prewarmed to 37°C, and the pH was adjusted with 6 N HCl (3) . The population of cells at the beginning of the acid challenge (after 1:200 dilution in the acid shock media) was in the range of ϳ0.5 ϫ 10 7 to 1.5 ϫ 10 7 cells/ml (final concentration), which was necessary to avoid cell density-dependent artifacts (11) . Control acid challenge experiments were performed in EG medium (pH 2.0) without the addition of glutamate. Viable counts were determined after acid challenge by dilution of the cells in phosphate-buffered saline (PBS) (50 mM, pH 7.2) and immediate plating on LB agar.
For heat shock assays, stationary-phase cells from LB-MES broth were diluted directly (1:200) into PBS preequilibrated to 58°C. Viable counts were determined at 10 s and at 1.5, 3, 5, and 7.5 min by dilution of the cells in PBS and immediate plating on LB agar.
For alkali shock assays, stationary-phase cells from LB, LB-MES, or LB-MOPS broth were diluted directly (1:200) into 100 mM CAPS (3-cyclohexylamine-1-propane sulfonic acid), pH 10.2 (adjusted with 100 mM NaOH), preequilibrated to 37°C. Viable counts were determined at 10 s and at 1, 2, and 4 h by dilution of cells in PBS and immediate plating on LB agar.
Experiments involving stress tolerance, as well as ␤-galactosidase assays, were repeated three to five times, and the results were calculated with consideration of all data points.
Detection of glycogen synthesis. Glycogen synthesis was monitored as described previously (21) with minor modifications (55) . Briefly, overnight cultures were plated onto Kornberg agar medium (55) and, after 24 h of incubation at 37°C, plates were further incubated at 10°C for 24 h and then stained with an iodine solution for 1 to 2 min. Dark brown colonies indicated the synthesis of glycogen, while pale brown or white colonies indicated partial or no synthesis of glycogen.
␤-Galactosidase assays. Enzyme activity was determined from cells grown to the stationary growth phase in EG minimal medium for 22 to 24 h. Cells were centrifuged, resuspended in Z buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 [pH 7.0]), and then permeabilized by treatment with sodium dodecyl sulfate (SDS) and chloroform (37) . For all experiments, stationary-phase cultures at 24 h after inoculation with an OD 600 of 2.8 or more were used, and the assays were performed with Z buffer containing 50 mM ␤-mercaptoethanol. In all experiments, ␤-galactosidase activity (change in OD 420 per minute) was normalized to cell density (OD 600 ) and was compared to appropriate controls assayed at the same time.
Western blot analysis. Cultures were incubated for 18 to 22 h at 37°C to a stationary growth phase (OD 600 of 3.5 or higher) in LB-MES medium. Cells of each strain were collected by centrifugation (12,500 ϫ g, 4 min), washed twice in saline, resuspended at 1 OD 600 unit/ml in loading buffer (50 mM Tris-HCl [pH 6.8], 2% SDS, 10% glycerol, 2.5% ␤-mercaptoethanol, 0.01% Na-azide, 0.1% bromophenol blue), and placed in a boiling water bath for 5 min to make a whole-cell protein sample. Each protein extract was fractionated on SDS-polyacrylamide gradient gels (4 to 20%). After electrophoretic transfer of proteins onto nitrocellulose membranes, the RpoS protein was revealed by using a mouse monoclonal antibody (NeoClone Biotechnology International, Madison, WI) raised against a 38-kDa (RpoS) subunit of E. coli RNA polymerase, followed by anti-mouse antibody raised in a goat coupled to peroxidase as a secondary antibody. A SuperSignal chemiluminescence kit (Pierce Biotechnology, Rockford, IL) was used to detect the primary antibody, and the signal was captured on preflashed Kodak X-ray film.
Caco-2 cell adherence assays. The human intestinal cell line Caco-2 was obtained from the ATCC (Manassas, VA). Frozen stock cultures were maintained in GIBCO (Invitrogen, Gaithersburg, MD) cell freezing medium held at Ϫ140°C. The tissue culture cells were cultivated at 37°C in a 94% air-6% CO 2 atmosphere in minimal essential medium supplemented with Earle's salts, 10% fetal bovine serum, 2 mM L-glutamine, 0.1 mM nonessential amino acids, and 1 mM sodium pyruvate. All cell culture media and supplements were obtained from GIBCO.
The adherence assays were performed essentially as described previously (5). In each well of a 24-well cell culture cluster, approximately 2 ϫ 10 7 mid-logphase bacteria (OD 650 , 0.3 to 0.4) were added to confluent monolayers of about 5 ϫ 10 5 epithelial cells per well. Adherence was allowed to occur for 1 h at 37°C in a 94% air-6% CO 2 atmosphere. The monolayers were washed three times with Hanks' balanced salt solution and then lysed with 0.1% Triton X-100 in 0.9% saline, and adherent bacteria were enumerated by spread plate counting on Trypticase soy agar (BBL Becton Dickinson Microbiology Systems, Cockeysville, MD). Adherence was expressed as the percentage of the inoculum surviving the washing treatment (i.e., percent recovery). All assays were conducted in quadruplicate and independently repeated at least twice. Results are expressed as averages of the replicate experiments. Recovery data percentages were calculated and analyzed as described previously by using the Student t test and one-factor analysis of variance followed by Dunns' or Student-Newman-Kuels multiple comparisons of means when significant differences (P Ͻ 0.05) were found (49) .
DNA manipulations and cloning procedures. Standard molecular biology methods were used for chromosomal and plasmid DNA isolation, restriction enzyme digestion and ligation, electroporation, and transformations (44) . For cloning of the rpoS gene, PCR was performed with a 1:9 mixture of Vent and Taq DNA polymerase enzymes, as previously described (13, 51 
RESULTS
Acid-induced synthesis of AR1 and cross-protection to heat tolerance. We determined whether strains were capable of inducing higher levels of AR1 when grown to the stationary growth phase in LB-MES, pH 5.5, versus LB-MOPS, pH 8.0. All strains exhibited higher survival rates during acid shock (pH 3.0, 2 h) when grown in LB-MES (pH 5.5) than when the cells were grown in LB-MOPS (pH 8.0) ( Table 1) . Strain 55 is an rpoS::Ap mutant and lacked the ability to induce either AR1 or GDAR under aerobic growth conditions (9, 11) . All of the strains (except strain 55) synthesized abundant RpoS when analyzed by Western blotting (Fig. 1) and were also able to induce GDAR (data not shown).
We then determined whether strains exhibited acid-induced cross-protection against heat stress. Strain 258 failed to exhibit acid-induced cross-protection to heat stress ( Fig. 2A) , but it was observed in strains 52, 229, and 251 ( Fig. 2A, B, and D) .
When grown in LB-MES (pH 5.5), strain 205 displayed increased heat resistance compared to growth in LB-MOPS (pH 8.0) (Fig. 2C) . In contrast, strain 55, grown in LB-MES, did not exhibit acid-induced heat resistance (Fig. 2C) . Overall, when grown in LB-MES (pH 5.5), strain 229 displayed greater acid-induced heat tolerance (Fig. 2D) than did strains 55, 205, 251, and 258 ( Fig. 2A, B, and C) .
Glycogen synthesis and stress tolerance analyses after mobilization of the wild-type rpoS allele. Like heat tolerance, the ability to synthesize glycogen has also been used as an indicator of the rpoS status of cell cultures in the chemostat as well as in clinical isolates of E. coli (27, 38) . Strain 52, and to a lesser extent strain 251, showed dark brown colonies upon staining with iodine, indicating abundant glycogen synthesis. All other strains failed to synthesize glycogen when grown on Kornberg agar medium (Fig. 3) .
In order to examine how much phenotypic diversity may be attributed to native rpoS, we cloned and sequenced the chromosomal copies of rpoS from strains 52, 205, 229, 251, and 258 (see below). Additionally, we mobilized the wild-type rpoS allele cloned on the low-copy-number plasmid pPS4.4 (53) to all strains used in this study. (The wild type and the corresponding recombinant strains carrying pPS4.4 are referred to without and with the suffix "-1," e.g., strains 205 and 205-1, respectively.) The recombinant strain 55-1, as well as strains 258-1, 251-1, and 205-1, gained heat resistance ( Fig. 2 ; data not shown for 229-1) and the ability to synthesize glycogen (Fig. 3) . Strain 229 was heat tolerant but defective in glycogen synthesis, and it gained the ability to synthesize glycogen upon mobilization of pPS4.4 (Fig. 3) . The role of RpoS in alkali shock survival. We further examined whether pathogenic strains with diverse sets of rpoS alleles would show polymorphic phenotypes of alkali stress tolerance. When cells were grown in LB broth, the final pH of the growth medium, after 20 to 22 h of growth, was between 8.5 and 8.8. Strain 52, when grown to stationary phase in LB broth, showed 99% survival after alkali shock in 100 mM CAPS (pH 10.2) for 4 h, compared to 12% survival by strain 55 (rpoS::Ap) (Fig. 4) . Other strains tested were also able to withstand alkali shock, and their percent survival was in the range of 11% (strain 205) to 49% (strain 229). However, when grown in LB-MES, pH 5.5, alkali tolerance was strain dependent, and strain 55 (used as a negative control) was sensitive to alkali, with less than 0.001% of cells surviving after a 4-h exposure to 100 mM CAPS (pH 10.2) (Fig. 4) . In comparison, strains 251 and 258 were much more resistant; 3.5 and 8.4% of the cells survived the alkali challenge, respectively. Strain 205 was the most sensitive among this group, with only 0.1% of cells surviving alkali shock, whereas strain 229 was the most alkali resistant, with 44% of cells surviving alkali shock. The mobilization of the wild-type allele of rpoS on pPS4.4 slightly improved the alkali tolerance of cells grown in LB (or LB-MOPS); when grown in LB-MES, the recombinant strains 55-1, 258-1, 251-1, 205-1, and 229-1 were able to withstand alkali shock as well as strain 52 (Fig. 4) .
Starvation-induced ␤-galactosidase activity. It has been reported that rpoS mutations lead to a significantly higher expression of the glucose scavenging system, especially during starvation (16, 27, 38) . We examined the ␤-galactosidase activities of various strains in the stationary growth phase and compared them to the heat and acid tolerance phenotypes (Fig. 5) . Strain 52 had the lowest ␤-galactosidase activity but the highest heat and alkaline tolerance, while the reverse was true for the rpoS::Ap strain 55. In general, the strains exhibited an inverse relationship (r 2 ϭ 0.897) for heat tolerance and ␤-galactosidase activity but not with reference to acid tolerance (Fig. 5) .
Influence of different rpoS alleles on Caco-2 cell adherence. Previously we reported the positive influence of the two acid resistance pathway regulators rpoS and gadE on adherence of E. coli O157:H7 to Caco-2 cells (5). We examined strains that showed rpoS-mediated functional heterogeneity for stress tolerance phenotypes for their adherence properties (Fig. 6 ). As shown in Fig. 6 , both O157:H7 wild-type strains 251 and 258, each with a native rpoS allele, were less adherent to Caco-2 cells than their recombinant rpoS-complemented counterparts (251-1 and 258-1). However, strains 205 (O26:H11) and 229 (O111:H11) either adhered better than or equally as well as their rpoS-complemented mates, 205-1 and 229-1, respectively. Salmonella enterica serovar Typhi strain TY2 and enterohemorrhagic E. coli strain 55, an rpoS::Ap mutant, were used as positive and negative controls, respectively.
Analysis of upstream and structural gene sequences of rpoS alleles. Barring one amino acid substitution, there was very little variation observed in the DNA sequences of the rpoS coding regions from various strains ( Table 2 ). The rpoS sequence of strain 205 contains one difference at nucleotide (nt) 482, resulting in a change from glutamine to proline at position 161. The remaining differences in DNA sequence did not alter the amino acid sequence. The 24-nt upstream region containing the ribosome-binding site (AGGAG), which is essential for the stationary-phase induction of rpoS translation (23) , was conserved in all strains (Table 2 ). There was no change in the DNA sequence at the putative antisense element, nt Ϫ88 to Ϫ107 (12), presumably involved in pairing at the ribosomebinding site (data not shown). DNA sequence at the predicted DsrA-binding site (20, 34) , nt Ϫ97 to Ϫ122, was also conserved in all strains (data not shown).
DISCUSSION
We observed functional heterogeneity among alleles of rpoS in food-borne and clinical isolates of pathogenic strains of E. coli from serotypes O157:H7, O111:H11, and O26:H11. It appears unlikely that these nondomesticated strains could be carrying major gene deletions or multiple defects specifically with reference to host adherence, acid and heat tolerance, or glycogen synthesis pathways, since the mere expression of RpoS from a low-copy-number plasmid restored heat tolerance (strains 258, 251, and 205) (Fig. 2) , host adherence (strains 251 and 258) (Fig. 6) , and glycogen synthesis (strains 258, 229, and 205) (Fig. 3) . Moreover, all strains were able to synthesize RpoS ( Fig. 1) and induce AR1 when grown in aerobic shake cultures in LB-MES, pH 5.5 (Table 1) , further supporting the fact that they do possess fully operational acid resistance systems as well as a functional rpoS gene.
There are a number of different measurable phenotypes that are used to characterize mutation frequencies in E. coli (6, 7, 32) . Glycogen synthesis and heat tolerance profiles have been used recently to monitor mutations at the rpoS locus (16, 27, 38) . Although glycogen production or accumulation is not required for growth under laboratory conditions, the presence of glycogen may increase the viability of E. coli under adverse conditions or in specific ecological niches (40) . However from the number of outbreak strains that we examined, several strains had heat resistance profiles and glycogen synthesis abilities that were inconsistent with their RpoS status. For example, strain 251 synthesized significant quantities of glycogen but was heat sensitive, while strain 229 was heat tolerant but failed to synthesize glycogen. When pPS4.4 was mobilized in strains 229 and 251, the recombinant strain 229-1 was able to synthesize glycogen (Fig. 3) , while strain 251-1 gained heat tolerance (Fig. 2B) .
Growth to stationary phase or exposure to mild acidity has been shown to induce RpoS-mediated cross-protection against elevated temperatures (10) and was apparent in all strains except 258 ( Fig. 2A) . With reference to the ability to elicit enhanced levels of AR1 in LB-MES broth (as a gauge of RpoS status), all strains appeared to have a functional RpoS.
There are conflicting reports in the literature on the involvement of RpoS in alkali tolerance of E. coli (45, 46) . We observed that with prior exposure to alkaline pH (i.e., growth in either LB or LB-MOPS), cells induce rpoS-independent mechanisms which seem to play a major role in protecting cells from alkali shock. The presence of functional RpoS did aid cells in surviving alkali shock, as evidenced by the poor survival of rpoS mutant strain 55 in comparison with other strains (Fig. 4) . On the other hand, during the transition from acidic conditions to alkali shock, cells appear to rely heavily on rpoS-dependent pathways to overcome the alkali shock. Accordingly, RpoSmediated functional heterogeneity for alkali tolerance was observed when cells were grown in LB-MES, pH 5.5, prior to alkali shock but not when grown in LB (Fig. 4) or in LB-MOPS, pH 8.0 (data not shown).
Studying adherence to Caco-2 cells by gadE and rpoS mutants of pathogenic E. coli strains, we observed a synergistic effect of the two regulators (5). In the work reported here, strains 205, 229, 251, and 258 had "functional" chromosomal rpoS genes and accordingly expressed the RpoS-dependent acid resistance pathways AR1 (Table 1) shown). It appears that the chromosomal copy of rpoS from strains 251 and 258 was inefficient in supporting host cell adherence functions (in addition to defects in temperature tolerance and/or glycogen synthesis), since each of these strains adhered better upon mobilization of pPS4.4. Although adherence studies centered on only five strains, the O157:H7 strains showed the greatest need for a functional rpoS allele to regulate adherence. The other strains, 205 (O26:H11) and 229 (O111:H11), adhered at higher populations than the O157:H7 strains, suggesting that there may be differences in the rpoS regulation of adherence mechanisms among serotypes and that in non-O157:H7 strains, adherence may be controlled by other regulators and may be rpoS independent and not directly linked to a stress response (48, 50 ). An alternative explanation for the infectivity of rpoS mutants is that the patients may be immunocompromised or have reduced gastric acidity. Nutritional limitations and environmental stress conditions impose conflicting choices on E. coli, where the number of substrates metabolized is negatively regulated by RpoS (27, 38) . Likewise, a potential growth advantage of cells in stationary phase has been reported (28, 56, 57) and appears to be related to dysfunctional RpoS activity. The RpoS-containing RNA polymerase holoenzyme has the ability to co-orchestrate with additional regulatory factors. Recent microarray data have indicated that the rpoS regulon is a large cascade-like network that includes expression of secondary regulators, which may result in special regulatory (in)activation of subsets of RpoS-dependent genes (54) . The data from this study further revealed that some acid resistance genes can switch RpoS and/or 70 dependence, depending on specific environmental or stress conditions. We observed that the pathogenic E. coli strains examined here were able to overcome RpoS-mediated negative control over the expression of the sugar uptake system without compromising the induction of acid resistance systems (and the ability to adhere to Caco-2 cells in non-O157:H7 isolates).
Induction of the acid resistance system AR1 in complex growth media appears to accurately report a "minimal required functionality" of RpoS in E. coli strains. Since some temperature-sensitive and glycogen-defective strains were able to launch RpoS-mediated acid resistance, it is imperative that our understanding of RpoS mutation frequencies be reevalu- FIG. 6 . Adherence phenotypes of pathogenic E. coli strains. Bacteria grown to mid-log phase were used to infect Caco-2 cell monolayers and were allowed to adhere for 1 h at 37°C in a 94% air-6% CO 2 atmosphere. The monolayers were washed three times with Hanks' balanced salt solution and then lysed with 0.1% Triton X-100 in saline. Bacterial adherence (enumerated by spread plate counting) is expressed as the percentage of the inoculum surviving the washing treatment (percent recovery). All assays were conducted in quadruplicate and independently repeated at least twice. Black bars, wild-type E. coli strains; gray bars, strains carrying pPS4.4 (rpoS). The observed differences with 251 versus 251-1, 258 versus 258-1, and 205 versus 205-1 are significant (P Ͻ 0.001). Error bars indicate standard deviations. ated. It appears from both laboratory studies (26, 38) and the occurrence of rpoS mutations in food-borne populations (5, 53) that regulatory divergence may be more common and that natural regulatory settings may not be uniform even within a species (15, 27) . The ability of pathogenic E. coli strains to balance sigma factor-dependent functions without affecting their acid resistance may have significant implications in microbiological food safety and in understanding of the survival strategies of the pathogen in facing multiple stresses in the gastrointestinal environment of the host.
